Introduction
Osteoarthritis (OA) is characterized by loss and damage of articular cartilage and other structures surrounding the joint: ligaments, synovial membrane, and subchondral bone. 1 OA is one of the most frequently diagnosed diseases worldwide, which is especially pronounced reaching prevalence of about 30% in patients aged over 50 yr. 2 Primary OA mainly affects the knee compared with other joints. Although the pathogenesis of knee OA remains poorly known, some factors that play a role in synoviocytes inflammation and altered biomechanical conditions have been identified to contribute to the development and progression of OA. 3 The synovium produces specific materials that nourish the joint which plays a very important part in articular cartilage metabolism. 4 Also, the loss of synovial lubricating ability was suggested in the pathogenesis of OA.
Until now, the most common diagnosis protocol for primary knee OA assessment comprises complaints of knee joint pain and functional impairment in addition to joint space width measurement using radiography. 6 However, since primary knee OA starts long before it can be detected by plain X-ray, irreversible joint damages have often already occurred at the time radiological diagnosis is performed. Therefore, more sensitive techniques for early diagnosis of OA are needed. 7 Magnetic resonance imaging (MRI) and direct arthroscopic examination are both well-established for this purpose. However, these methods are limited because of high costs, disputes regarding critical standards, and traumatic defects. 8 In recent years, molecular biomarkers that are secreted into biological fluids during matrix metabolism of articular cartilage, subchondral bone, and synovial tissue, have received increased research attention for the diagnosis of knee OA. 9 The synovial fluid (SF) is comprised of an ultrafiltrate of blood plasma and is primarily composed of hyaluronic acid (HA), lubricin, collagenases, etc., which have been regarded as important regulators in the cartilage metabolism. [10] [11] [12] Biomarkers have the capacity to detect early joint degradation and provide useful diagnostic and prognostic information by reflecting disease relevant biological activity in the joint and predict the course of OA. 13 Pituitary adenylate cyclase-activating polypeptide (PACAP) is a peptide that has been demonstrated to exert various bio-effects.
14 PACAP exerts several functions in a large array of physiological and pathophysiological processes related to inflammation and immune responses by mainly activating three receptors including G protein-coupled receptors mainly associated with the adenylate cyclase and phospholipase C, the PAC1 receptor which specifically binds PACAP and the VPAC1/VPAC2 receptors. 15 PACAP has been shown to dramatically alleviate the clinical symptoms and down-regulate the pathogenic and cytokine secretion in animal models of immune diseases including septic shock, rheumatoid arthritis, multiple sclerosis, and Crohn's disease. 16 Recent studies have also pointed to the role that PACAP plays on cartilage protection. PACAP has been detected at moderate-high expression in the articular cartilage as well as in SF. 17 In an animal experimental OA, PACAP levels remarkably attenuated in cartilage tissue and SF. 17 In isolated chondrocyte cultures, PACAP inhibited the pro-inflammatory cytokine IL-1b, and induced apoptosis in vitro. 17 PACAPs also rescued cartilage formation during H 2 O 2 -induced oxidative stress, 18 indicating the chrondro-protective role that PACAP plays during inflammatory joint diseases.
All these studies indicated that PACAP may play an important role to protect cartilage lesion in knee OA. However, the relationship between serum and SF levels of PACAP and OA has never been fully illuminated. Therefore, we aimed to investigate the potential correlation of serum and SF with the disease severity knee OA and whether HA injection affects the expressions of PACAP.
Patients and methods

Study patients
From January 2018 to January 2019, 101 knee OA patients diagnosed in our hospital were enrolled in our study. All primary OA patients met the American College of Rheumatology clinical symptomatic and radiographic criteria for OA. 19 Patients were excluded from the present study if they had previous knee injury or joint infection, systemic inflammatory or autoimmune disorders, malignant disease, advanced renal disease, and histories of corticosteroids medication. Meanwhile, a total of age and sex matched 62 patients who underwent patellar dislocation receiving surgery in our hospital were also drafted as control. These patellar dislocation patients had healthy joints with normal cartilage under therapy. Participants of the control group have neither history of secondary OA, knee injury, intra-articular fracture, nor history of steroid injection within 6 mo. The study was performed according to the recommendation of the Declaration of Helsinki and was approved by the ethics committee of our hospital. Written informed consent was obtained prior to their participation in this study.
Definition of radiographic severity
The radiographic progression of knee OA was assessed using weight-bearing anteroposterior radiographs of the affected knee. Knee radiographs were determined according to the Kellgren-Lawrence (K-L) classification based on osteophyte formation, joint space narrowing, sclerosis, and joint deformity characteristics according to the five-level scale defined as follows: 20 Grade 1, doubtful narrowing of joint space and possible osteophytic lipping; Grade 2, definite osteophytes and possible narrowing of joint space; Grade 3, moderate multiple osteophytes, definite narrowing of joint space, some sclerosis and possible deformity of bone contour; Grade 4, large osteophytes, marked narrowing of joint space, severe sclerosis and definite deformity of bone contour. The grading scale used for analysis was the higher one of the two knees. The results of K-L grading were evaluated by two independent and blinded radiologists in our hospital. In our study, patients with K-L ! 2 were enrolled with the severe knee included that both knees had OA.
Definition of clinical and functional severity
The clinical and functional severity was assessed by numeric pain scale (NPS), Oxford Knee Score (OKS) and American Knee Society (AKS) knee score and AKS knee function score. The NPS has 11 levels of pain ranging from 0 for no pain to 10 indicating worst possible pain. 21 The OKS of each item ranges from 0 (severe problems) to 4 (no problems), with a summary score ranging from 0 (worst outcome) to 48 (best outcome). 22 The AKS scale is comprised of two aspects. The first evaluates the knee clinically through the physical examination (clinical AKS knee score), and the second assesses the individual's functionality (AKS function score), while both reach a total of 100 points each with the higher scores indicating better outcomes. 23 All the NPS, OKS, and AKS scale have been shown to be valid, responsive, and reliable for measuring patients' perceptions of their knee disorder.
Treatment by HA injection
Patients were placed in a supine position and sterile drapes were placed around the surrounding area. Next, each patient's symptomatic knee was cleaned with chlorhexadine and iodine solution and the knee was anaesthetized using an intra-articular injection of 5 mL of 1% xylocaine. Following activation, 3 mL of HA (Synvisc V R Hylan G-F 20, Genzyme Biosurgery, Ridgefield, NJ, USA) were injected under ultrasound guidance (Logic i, GE Healthcare) into the symptomatic region using an anteromedial approach. Following the injection, the knee was passive flexed and extended 10 times. Then the patients were asked to lie in the supine position for approximately 10 min. Patients were advised to take paracetamol if they felt any pain, and to limit their mass bearing activities for the subsequent 24 h, followed by gradual resumption of normal activities. The HA injection was conducted three times once a week.
ELISA
Blood samples from all patients and controls were collected after overnight fast in plain tubes containing a separation gel. SF was aspirated from the affected knee before HA injection in OA patients and prior to the surgery in patellar dislocation patients. The samples were then centrifuged to remove cells and joint debris and stored immediately at À80 C until the day of measurement. Double-blinded quantitative detection of PACAP in serum and SF were performed using commercial ELISA (ELISA Genie, Dublin, Ireland) according to the manufacturers' instructions. The detected range of PACAP was 7.8-500 pg/mL. Each data was evaluated by three independent experiments.
The assays had intra-assay coefficients of variation < 5% and inter-assay coefficients of variation < 6%. Levels of IL-1b and MMP-3 were also tested using a commercial ELISA kit (Abcam, Cambridge, UK). The intra-assay coefficients for IL-1b and MMP-3 were 4.5% and 4.1%, and inter-assay coefficients for IL-1b and MMP-3 were 6.7% and 5.4%, respectively.
Statistical analysis
Tests of data normality were performed using the Kolmogorov-Smirnov test. Data were described as mean value AE SD, median (interquartile range) when appropriate. Differences between the two groups were analyzed using unpaired t-test, Mann-Whitney U test, Chi-square test when appropriate. Differences among groups were analyzed by one-way ANOVA followed by Tukey post hoc analysis or Kruskal-Wallis test as indicated. Differences between PACAP concentrations in serum and SF were analyzed by the Wilcoxon signed rank test for paired samples. Pearson or Spearman correlation coefficient was calculated to determine the relationship between PACAP concentrations with other parameters. All of the statistical analyses were performed by using GraphPad 6.0. A P value less than 0.05 (two-tailed) was considered as statistically significant.
Results
Demographic and clinical data
The demographic and clinical characteristics of all participants are depicted in Table 1 . No significant differences were found in age, gender, and body mass index (BMI) between OA patients and controls (P > 0.05). Compared with controls, OA patients had a significantly lower PACAP concentration in SF in comparison with controls (239.5 AE 36.4 pg/mL vs 305.1 AE 41.2 pg/mL, P < 0.001). As shown in Figure 1 , there was no significant difference in serum PACAP levels between OA patients and controls (93.2 AE 12.5 pg/mL vs 94.9 AE 15.5 pg/mL, P ¼ 0.477). In OA patients, PACAP levels in SF were significantly higher than those in paired serum samples (239.5 AE 36.4 pg/mL vs 93.2 AE 12.5 pg/mL, P < 0.001).
Correlation of SF PACAP levels with K-L grades
According to the K-L grading scale, 33 patients were K-L Grade 2, 37 patients K-L Grade 3, and 31 patients K-L Grade 4. There was no significant difference in serum PACAP levels among patients with different K-L grades (P > 0.05) (Figure 2a) , and the correlation of serum PACAP levels with K-L grade did not reach significant differences (r ¼ À0.077, P ¼ 0.433) ( Figure  2c ). SF PACAP concentrations were significantly lower in knee OA patients with K-L Grade 3 than those with Grade 2 (239.8 AE 33.7 pg/mL vs 257.7.0 AE 32.7 pg/mL, P ¼ 0.028) (Figure 2b ). Moreover, SF PACAP concentrations were significantly decreased in K-L Grade 4 patients compared with K-L Grade 3 (219.6 AE 33.9 pg/mL vs 239.8AE33.7 pg/mL, P ¼ 0.017) (Figure 2b ). SF PACAP levels were negatively correlated with K-L grading (r ¼ À0.418, P < 0.001) (Figure 2d ).
Correlation of PACAP levels with clinical and functional severity
We next carried out the association analysis between SF PACAP levels with symptomatic severity and functional disability. As illustrated in Figure 3 , SF PACAP levels were negatively correlated with self-reported pain by NPS (r ¼ À0.400, P < 0.001) (Figure3a).With regard to the functional severity, we observed that SF PACAP levels were positively related to OKS (r ¼ 0.410, P < 0.001) (Figure 3b ), AKS knee score (r ¼ 0.380, P < 0.001) (Figure 3c ), and AKS function score (r ¼ 0.398, P < 0.001) (Figure 3d ).
Correlation of PACAP levels with biochemical indices and receiver-operating-characteristic (ROC) analysis
In order to figure out the potential mechanisms of PACAP treating OA, we also tested the levels of inflammatory cytokine IL-1b and cartilage damage marker MMP-3, which are two important factors during OA progression. Interestingly, we found that SF PACAP levels were significantly and negatively related to IL-1b (r ¼ À0.554, P < 0.001) (Figure 4a ) and MMP-3 (r ¼ À0.582, P < 0.001) (Figure 4b ). We next performed ROC curve analysis to compare PACAP with IL-1b and MMP-3 to explore the diagnostic value of these factors with regard to K-L grade. As demonstrated in Figure 4 Table 3 ). The findings of ROC analysis suggested that decreased PACAP expression along with up-regulation of MMP-3 in SF during OA might act as two potential markers for the K-L grade at different stages.
Alternation of SF PACAP levels following HA injection
We finally investigated whether knee joint HA injection would affect SF PACAP levels. We missed the followup of 36 patients due to various reasons, thus remaining 75 patients finishing the final treatment. We found SF PACAP concentrations exhibited a global incremental trend after HA injection ( Figure 5 ), although the differences of PACAP between 4 wk and baseline (248.6 AE 35.4 pg/mL vs 239.5 AE 34.4 pg/mL, P ¼ 0.115) did not reach significance. The PACAP levels were significantly elevated at 8 wk compared to the baseline and 4 wk (296.5 AE 43.1 pg/mL vs 239.5 AE 34.4 pg/mL, P < 0.001; 296.5 AE 43.1 pg/mL vs 248.6 AE 35.4 pg/mL, P ¼ 0.013) ( Figure 5 ).
Discussion
This study investigated the association of serum and SF PACAP concentrations with primary knee OA. To our best knowledge, this is the first study implicating that SF PACAP concentrations were attenuated in OA patients and that they were related to OA progression through assessing the correlation of SF PACAP levels with the radiographic as well as clinical severity and also the biochemical analysis. Further ROC analysis indicated that decreased PACAP expression along with up-regulation of MMP-3 in SF during OA might act as two potential markers for the K-L grade at different stages. Finally, we observed that SF PACAP levels were gradually increased following HA injection. These findings suggest that attenuated PACAP expression might act as a biomarker in knee OA. So far, accumulating studies reported that there are no definite therapies available to effectively treat or cure OA. 24 Moreover, no evidence has been established pointing to the efficacy of an agent or diseasemodifying drug that is actually capable of arresting disease progression in an appreciable manner. 25 Therefore, to find alternative interventions in accord with the OA progression is important.
PACAP is an endogenous bioactive neuropeptide eliciting a broad spectrum of biological functions, including the modulation of innate and adaptive immunity, and shows a predominant anti-inflammatory action. 26, 27 In addition, PACAP also could prevent harmful cellular effects of ischemic conditions and oxidative stress. 28, 29 Growing evidences have implicated the important role of PACAP in different pathological conditions, and PACAP has been found in different kinds of SFs. 30 PACAP has been utilized as a protective factor in several models of disease including amyotrophic lateral sclerosis, 31 diabetes, 32 Alzheimer's disease, and Parkinson's disease. 33 Recently, PACAP has been implicated as a protector of cartilage and to inhibit arthritis. PACAP inhibited cytokine expressions and protein secretion via suppression of NF-jB translocation, 34 which triggers the expression of a series of genes guiding destruction of the articular joint, contributing to OA onset and progression. 35 In a recent study, PACAP attenuates the oxidative and mechanical stress induced matrix degradation in chondrocytes. 36 Close monitoring of radiographic development may facilitate the design of corresponding therapies. We first found that SF PACAP levels were decreased in knee OA patients compared with the control which is consistent with a previous study which showed that SF PACAP expressions were present in a knee OA animal model. 11 The K-L grade was negatively associated with SF instead of serum PACAP levels, indicating that PACAP may perform its function on protecting OA cartilage from damage and suppressing inflammation locally. SF originates from the synovial membrane, which is a thin cellular layer that lines the joint cavity acting as a semipermeable filter to regulate the transfer of molecules in and out of the joint. In normal status, the SF components, including nutrients, hormones and lubricant factors, contribute to the unique low-friction properties of the articular surface. 37 Under physiological conditions, extracellular matrix production, cytokine secretion, host defense and immunomodulation are present. 38 We also found that SF PACAP was negatively related to pain and clinical severity. Pain is the most common complaint among knee OA patients. In addition to the inflammatory factors, the importance of the central integration of repeated nociceptive input is prominent in pain conditions with peripheral nociceptive drivers, 39 leading to the pain sensitization in OA patients. 40 PACAP and its receptors are broadly located at different levels of the pain transmitting pathway. 41 The action of PACAP at the peripheral sensory nerve terminals has been found to be divergent. It can exert both pro-and anti-nociceptive effects, depending on the mode of administration (local or systemic) and the mechanism of the pain process (acute or chronic, inflammatory or neuropathic). 42 It has been reported that PACAP may play an important role in inhibiting the transmission of the nociceptive information evoked by inflammation, 43 indicating that PACAP may inhibit pain signal transmitting under inflammatory environment.
We next found PACAP levels were negatively associated with IL-1b and the damage marker MMP-3. IL1b and MMP-3 have been identified as two key factors in cartilage destruction of OA. 44 In an OA model, the up-regulation of expressions of the IL-1b in the SF was associated with the dramatic attenuation in PACAP immunoreactivity in the articular cartilage and its concentration in SF. 17 It was also reported that expression and activation of the majority of cartilage matrix specific MMPs were decreased by PACAP. 36 We further compared PACAP with IL-1b and MMP-3 to determine their roles in OA radiographic progression diagnosis, and we found that early decreased PACAP together with later increment of MMP-3 could be decent for K-L grade diagnosis.
Finally, we found that SF PACAP concentrations were increased following HA injection both at 4 and 8 wk compared with the baseline level. HA is an integral component in SF, mostly utilized in clinical practice for treating knee OA. 45 The relation between TLR and an inflammatory response is demonstrated as HA degradation products induced an inflammatory response through CD44 and TLR interaction. 46 On the other hand, PACAP has been shown to down-regulate the pro-inflammatory cytokines, including monocyte chemoattractant protein-1 (MCP-1) and IL-6, which had been induced by the activation of TLR. 47 This study has several limitations. First, the sample size was not large enough and we investigated only those patients of knee OA who attended in our hospital. Further multi-center and larger samples are needed in the future. Secondly, the cross-sectional design of our study precluded addressing whether the analyzed level of PACAP predicted alteration in severity in patients with knee OA. Thirdly, we did not examine the expressions of PACAP in cartilage tissues in that we argued that SF examination is convenient for the purpose of early diagnosis. Last, we did not explore the possible mechanisms of HA injection on upgrading the PACAP levels, which will be discussed in our future study.
In summary, patients with primary knee OA had lower levels of SF PACAP compared with controls. PACAP levels in SF negatively correlated with the severity of knee OA and were increased following HA injection. Local use of PACAP may act as a potential therapy for treating knee OA. Further studies are in progress to elucidate the contribution of PACAP as a protective marker during the process of OA.
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